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A stent according to the systems 
and methods described herein may include 
a body formed from a non-radioactive 
structural material, a radiopaque material 
coating the body, and a beta-emitting 
radioisotope ion implanted into the 
radiopaque material. Optionally, an 
adhesion layer, such as titanium, vanadium, 
chromium, ion, cobalt, nickel, or some 
combination or alloy thereof, may 
be applied to the body to facilitate 
adhesion of the radiopaque material. The 
radiopaque material may include platinum, 
iridium, rhenium, gold, tantalum, or 
some combination or alloy thereof. The 
beta-emitting radioisotope may include 




sulfur-35 or phosphorous-32 and may be ion implanted into the radiopaque material. 
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CORONARY STENT WITH A RADIOACTIVE, RADIOPAQUE COATING 



Trrh,n' ral Field 

This invention relates to the field of intra-arterial stents used to restore patency to 
coronary arteries and more specifically to radioactive stents with improved x-ray visibility. 

Rj^Vpround QphS Tnvention 

After balloon angioplasty, a metal tubular scaffold structure called a stent may be 
permanently implanted to physically hold open the repaired coronary artery. Unfortunately, 
up to 30% of such procedures result in reclosure (restenosis) of the artery within six months 
to one year. One solution to the problem is to provide acute local, postoperative radiation 
treatment of the site using a catheter tipped with iridium-192 radioisotope. In this method 
the iridium-192 tipped catheter is placed at the arterial site for thirty to forty minutes after 
stent deployment and then retracted. This type of acute high dose treatment using gamma 
radiation has been found to substantially reduce the rate of subsequent restenosis, as noted 
in Wiedemann, J.G. et al, "Intracoronary Irradiation Markedly Reduces Restenosis After 
Balloon Angioplasty in a Porcine Model," 23 J. Am. Coll. Cardiol., 1491-1498 (May 1994) 
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and Tierstein, P.S. et al., "Catheter-Based Radiotherapy to Inhibit Restenosis After Coronary 
Stenting," 336 New England Journal of Medicine, 1697-1703 (June 12, 1997). 

An alternate method of addressing the restenosis problem is to form the structural 
material of the stent itself from a radioactive material as described by Fischell R. et al. in 
U.S. Patent 5,059,166 (the '166 patent) and in U.S. Patent 5,376,617 (the '617 patent). The 
' 1 66 and '6 1 7 patents also describe a method of electroplating a radioactive material on the 
structural material of the stent. Each of these methods has certain drawbacks. Placement of 
radioactive material within the structural material of the stent can deteriorate the physical 
properties of the structural material, such as stiffness, and can present fabrication difficulties 
with respect to radiation exposure of workers during the manufacturing process. The 
electroplating process, on the other hand, may result in poor adhesion of the radioactive - 
material, which could delaminate during insertion. 



Moreover, an additional requirement for any clinically useful stent is that it should 
have good x-ray visibility. A fairly thick (ten to fifteen micron) radiopaque coating of a 
high density, high atomic number metal such as gold, platinum, or iridium may be coated on 
20 the structural material of the stent in order to achieve visibility in an x-ray. Placing the 
radioactivity within the structural material, as taught by the '166 and '617 patents, may 
preclude coating the stent with a radiopaque metal. A high density metal that is 
approximately fifteen microns thick will absorb and reduce the kinetic energy of beta rays 
emitted from the structural material under the coating. 

25 Further, the ' 1 66 and the '6 1 7 patents mention the possibility of plating the 

radioisotope Au 198 on the structural material of the stent. It is highly unlikely that plating of 
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A»« would make Une sen, radiopaque because rhe coating wou.d be less man a few 
angstroms «*. As noted b y FischeU et a,, in the article "Low-Dose p-PartiOe Emission 
From 'Stent' Wire results in Complete, LocaUzed Inhibition of Smooth Muscle Cel. 
P roli fera,ion". 90 Qdto 2956-2963 (.994) „he FischeU article), radioactivity on me 
ord er of one microcoria , preferred for a coronary s,en, Usin g an Au» plating solutton 
containing rypieally .SCi/g of dissolved gold (following a ,wo-wee k cooldown period after 
activation in a nuclear reactor), a rota, activity of , pCi would require a rora, coaring mass of 
0 055pg. which, when distributed over me surface o, an enrire coronary stent, wou.d have a 
„ of about one mono.ayer of gold. Such a thin .ayer wou.d no, add connas, in an *- 
ray picrure of me srenr. Moreover, Au» is no, a pure be,a ray em.ner, i, has numerous 
g amma rays, which may give a radioacive dose ,o ,he en.ire body of a pauenr insiead of a 
^ddoscoa^areainrhecoronaryarrery. An™ also has a ha,f-Ufe (2, days) 
tha, is ,oo short ,o be pracrtcal for an in,ra-ar,erial coronary sten,. 

A „o,hcr merhod menrioned in me FischeU article and further inves,iga,ed by Laird, 
JR. er al , in "Inhibmon of Neoin.imal Pro.iferation with Low-Dose .rradiauon from P - 
Particle Emining SrenC 90 Ci— 529 (.996) (,he Laird artic.e), is ,0 impregnare 
tta n,um s,en,s w„h up ,0 thirty aromic percen, of sub.e phosphorous and subsequently 
acuva,e me enrire srent in a nuc.ear reacmr ,o form ,be radtolsorope P» within me — 
^cmra. ma,er,a,. One of ,he disadvantages of ,he Laird merhod is rha, me massive 
Cuanthy (30 a, %) of phosphorous required ro mate even0..5 microcune of T» may 
; severely alter ,he srructural s,reng,h of me s,en, itself. 
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The references discussed above do not suggest any way to adapt the radioactive stent 
embodiments of the ' 166 and '61 7 patents and also make the stent radiopaque. In the 
preferred embodiment of the ' 1 66 and '6 1 7 patents, the structural material is doped with an 
activatable element and then made radioactive in a nuclear reactor. The resulting 
radioactive stent would be extremely difficult to subsequently sputter coat with a thick (up 
to 15 micron) coating of gold. The radiation safety challenges for the factory workers would 
be considerable and would therefore render the technique impractical for mass production 
purposes. In addition, the sputter cleaning process, which would generally be necessary to 
achieve good adhesion, could emit radioactive structural material and contaminate the inside 
walls of the coating apparatus. 



If the radiopaque metal is coated first and the coated stent is then placed in a nuclear 
reactor, the coating could activate gamma emitting isotopes to curie levels and render the 
stent undesirable for human use. For example, the thermal neutron reaction cross section 
for a gold radiopaque coating is 198 bams, which could activate a 15um thick gold coating 
20 to 1 0 tens of curies in a one week of irradiation. 



25 



Similar problems arise if the radioisotope is plated on the structural material of the 
stent, which is the alternate embodiment mentioned in the '166 and '617 patents. For this 
alternate embodiment, the sputter cleaning step prior to the radiopaque material coating 
could remove the radioactive material and distribute it throughout the inside walls of the 
coating apparatus. Gold is a very inert metal. As a result, if the gold is coated on the 
structural material first and then the radioactive material is plated on the gold outer surface, 
it could be extremely difficult to get the plating to adhere. The preferred radioactive plating 
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of phosphor gently cannot be plated onto gofd. The only radioisotope which can 
with a half-life (2.7 days) that is too short to be of clinical interest. 

A method of plating a stent with a high density, radiopaque metal or alloy is 
disclosed in U.S. Pa.en.No. 5,607,442 <o FischeU e. a., (.he -442 parent). The '442 paren. 
describes a sren, that is plated on tts longitodina. wires with a radiopaque meral with a 
sufficient thickness so ma, the longitudinal wires will be clearly tadiopaque in fluoroscopy. 
The eireumferentia, wires of the stent are described as being plated with a much lesser 
.hiclcness man .he longitudinal wires so that .hey wiU no. be dts.inc.ly radiopaque. The '442 
patent describes me purpose of coating the longitudinal wires as being to assist the 
cardiologist in determining whether .he stem has been fully and uniformly deployed 
.taooghou. i.s entire length, .hereby obviating rhe need for use of an intravascular 
ohrasound catheter. The -442 paten, describes the purpose of coating .he circumferential 
wires as being to avoid electrolytic corrosion of the sfen, by using a single metal outer 
coating on all stent surfaces, and, when plating with gold, » provide an attractive 
appearance for the stent. The '442 paten, suggests tha, fhe circumferenfia, wires shoufd no, 
he radiopaque because, if al. me srenr wires are radiopaque, such as if ,he s<en, is made from 
tantalum, then the s,en, may be so radiopaque as ,o obscure some of ,he fumen wtthin me 
implanted stent. 

The '442 pa,en, also mentions in passing ma, <he s,en, could include a radtoisotope 
5 that is incorporated hy ion implantation into ,he mem, of me stem, or could include a 
radioisotope ma, is placed on ,he stent below an an,,-.hrombogenic coating. The '442 
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5 patent appears to indicate that the radioisotope should be ion implanted directly into the 
structural material of the stent. As noted above, ion implantation of radioactive material 
within the structural material of the stent can present fabrication difficulties. In addition, the 
high density radiopaque material plated on the longitudinal wires would absorb and reduce 
the kinetic energy of beta rays emitted from the structural material under the plating on the 
1 0 longitudinal wires, thereby causing a disparity in the spatial distribution of the beta 

radiation, which would be more intense longitudinally than circumferentially. Such spatial 
nonuniform^ generally would be less desirable for reducing hyperplasia than a uniform 
distribution. 



Another significant disadvantage of the methods disclosed in the references 
discussed above is the absence of any technique for assuring that the radiopaque coating 
sticks to the structural material of the stent. This disadvantage is particularly important ' 
when the radiopaque material is gold. In practice, gold plating, such as that disclosed inThe 
'442 patent, cannot be electroplated directly onto stainless steel or nitinol. Moreover, the 
gold plating described in the '442 patent could be rubbed off during handling by medical 
personnel as well as during, and subsequent to, placement in a patient's body. Gold flaking 
could interfere with the deployment of the stent. If, for example, a proportionally 
substantial amount of the radiopaque gold on a longitudinal wire were to flake off, it could 
suggest, falsely, to the interventional cardiologist that the stent had not fully expanded. The 
cardiologist could then decide, reasonably but mistakenly, to inflate a very high pressure 
balloon within the stent, as disclosed in the '442 patent, in an attempt to correct the * 
deployment of the stent. The stent also could be placed at the wrong position within the 
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a „ery because *e .eng.h appeared shorter under fluoroscopy due to flaking off of «he 



gold plating. 



These difficulties may be overcome and a stent that is both radiopaque and 
radioactive may be fabricated using the present invention. 



Snmrpnrv " f thp Invention 

A stem accordmg «o the systems and methods described herein may include a body 
formed from a non-radioaeflve srrucrura, materia,, a radiopaque mareria, coating me body, 
and a be.a-em,.«ng radioisotope ion ,mp,an,ed into .he radiopaque ma,eria,. The body of 

OpflonaUy, an adhesion ,ayer may be eoupied .0 the body and coupied .0 me radiopaque 
M The adhesion iayer may be formed of a mareria, ma, inciudes riraninm, vanadium, 
chromium, iron, cobait, nicke,, or some combination or afloy .hereof. The adhesion iayer 
may inCude a transition me,, or afloy, and may be between appro— 100 .o 3000 
angstroms thick. 

Optionafly, ore body of .he s,en. may include a longitudinal portion and a 
0 circumferenfla, porno, and .he radiopaque ma,erial may be applied ,o coa, bom of me 

portions wi.h substantia,* even mickness. The radiopaque ma.eria! may include plarinnm. 
iridi um, rhenium, go,d, .an<a,nm, or some —on or afloy thereof. The radiopaque 
.nateria, may be be,ween appro— 1 micron and appro— 5 microns mtck, or 
between approximately 1 micron and approximate* 15 microns thick. 
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The beta-emitting radioisotope may emit substantially no alpha or gamma radiation, 
thereby facilitating use of the stent as an intra-arterial coronary stent. The beta-emitting 
radioisotope may include sulfur-35 or phosphorous-32. The beta-emitting radioisotope 
may be ion implanted to a depth of less than approximately 3000 angstroms into the 
radiopaque material, optionally with a source strength of between approximately 0 1 
microcuries and 10 microcuries. The beta-emitting radioisotope may have a half life of 
less than approximately 100 days. >> 



a non- 



A method of fabricating a stent may include forming the stent from 
radioactive structural material, coupling a radiopaque material to the structural material, 
and ion implanting a beta emitting radioisotope into the radiopaque material. The method 
may include coating the structural material with an adhesion layer and then coating the 
adhesion layer with the radiopaque material. Coupling the radiopaque material may 
include sputtering or electroplating the radiopaque material, ofapplying the radiopaque 
material as a coating with a thickness of less than approximately 15 microns. The method 
of fabricating may also include ion implanting the beta emitting radioisotope to a depth in 
the coating of less than approximately 3000 angstroms. 

Brief Description Of TW^-ppc 

FIG. 1 illustrates a side-view and a cross-section of a single wire of a tubular mesh 
stent according to the present invention. 
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FIG. 2 mustra.es an enlarged cross-section of a single wire of a stent according to 
the present invention. 

FIG. 3 shows an example of the depth distribution of a radioisotope J" when 
implanted in the gold coating. 

FIG. 4 is a schematic diagram of a cross-section of a custom made ion source for 
use in connection with the present invention. Three extensible probes are shown in a 
retracted position for servicing of the ion source. 

FIG. 5 is a schematic diagram of the ion souroe of FIG. 4 showing the extensible 
probes in an extended position for operation of the ion source. 



HG. 6 is a schemaric diagram illustrating an alternate embodiment for a plasma 
chamber of a custom made ion source. 



t n ni n ' 1 P i Fr i nr n at tta Emtaiimang 

Current stents are typically made from relatively Ugh, stiff metals such as titanium, 
, mtinol, (50% Ti, 50% Ni) or stainless steel, which do no, produce an adeouate x-ray image 
in a fluoroscope device during the angioplasty procedure. 

A gold coaung of approximately ten to fifteen microns thick on me stent structural 
serial may enhance the x-ray image significantly. Gold is a very soft metal, and a 
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thickness often to fifteen microns should not contribute additional structural stiffness to the 
stent. The structural material of the stent should have considerable stiffness in order to hold 
open the elastic artery. 

In order to effect good adhesion of the gold coating to the stent, it is desirable to first 
coat the structure with a thin coating of chromium or titanium about 3000 angstroms thick 
before depositing the thicker gold coating. Chromium has been found to promote adhesion 
of gold to stainless steel stents and titanium has been found to promote adhesion to nitinol 
stents. Both the adhesion promoting layer and the gold coating can be deposited using an 
unbalanced magnetron sputtering processing in vacuum. 



The non-structural gold coating, however, may also be used as a host for the 
1 5 radioisotope. The radioisotope may be ion implanted, carrier-free, into the gold coating 
about 100 to 3000 angstroms below the gold outer surface. 



The reverse configuration, i.e. ion implanting the radioisotope in the structural 
material of the stent then coating the structural material with ten to fifteen micronToflfolJ 
would not be preferred because the beta radiation kinetic energy and particle flux exiting the 
coating would be reduced due to the high atomic number (79) and high density of gold 
(1 9.3g/cm 3 ). In addition, the process used to coat the radioactive stent with gold includes a 
sputter etch step, which would be used to clean and prepare the surface for the two 
subsequent coatings. This sputter etch cleaning step could remove the surface radioactivity 
and distribute it throughout the inside walls of the process chamber. One of the significant 
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5 advantages of the unique configuration of the present invention is that the stent tnay be ft* 
radiopaque and radioactive with a beta emitting radioisotope. 

A preferred proeess for fabricating the stent wouid be .0 form a cylindrical sten, or 
tubuiar mesh stent from a non-radioactive stntctura, materia, such as titanium, stainless 
sreel, nitinol a„oy or any orher stiffaUoy, spuuer Cean .he aUoy to remove the native oxides 
,0 and about .00 angstroms of me.,, and then coa, the structural materia, with approximately 
3000 angstroms of chromium or titanium ,„ promote good adhesion, then coa, the adhesion 

>ns 

available from AJA International, Scituate, MA). 
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,ayer with approximately twelve microns of pure gold in a vacuum using an unbalanced 



magnetron sputter process (equipment ; 

The gold coating may then be ion implanted with the pure beta ray emitting 
radioisotope P» to a depth of 800A at the peak of its concentration. Figure 2 shows the 
detail of a single wire in the stent. For a one microcurie stent, the peak P» concentration at 
800 angstroms below the gold outer surface would be about 0.4 parts per million. Figure 3 
shows the depth distribution of P» atoms in the gold coating when implanted at 1 80 keV 
with a dose of 3 x 1 0> ions/cm 2 , which produces one microcurie 
the implantation process. 



of radioactivity at the end of 
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The process for ion implantation of a radioisotope, such as phosphorous-32, can be 
done using a semiconductor ion implanter such as is readily avaihtble from Eaton Corp., 
Beverly, MA or Varian Corp., Gloucester, MA. The radioactive starting materia, may be a 
gas tha, indudes some phosphorous-32 radioisotope and is then fed into the gas in,e. on the 
ion source. This process, however, generally is impractica. for mass production because of 
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the safety challenges involved in generating a radioactive ion beam in conventional 
semiconductor equipment using radioactive gases. 

Ion sources in conventional ion implantation equipment need daily maintenance to ' 
replace consumed filaments and insulators. If the parts were also radioactive with 
phosphorous-32 containing gases, the operators could be exposed to toxic levels of radiation 
within several weeks of operation. It is therefore desirable, for practical manufacture of 
radioactive stents using this invention, to design and fabricate a special-purpose dedicated 
ion implanter to practice this invention. Such an ion implanter could have a specially 
designed ion source so that the operator could be shielded from radiation exposure during 
routine maintenance. In addition, the ion implanter could have a specially designed vacuum 
system to minimize the generation of radioactive pump oils. 

Preferably, a custom made ion implanter could be used. The customized implanter 
could include a specially designed ion source with vacuum locks that permit the operator to 
change a filament or the radioactive charge without exposing the operator to excessive 
radiation or venting the vacuum chamber. An example of such a special ion source is 
described below. 

The components of the ion source that routinely require maintenance may be affixed 
onto extensible probes that can be passed into the ion source vacuum system and positioned 
into their appropriate locations in the source. When service is required, the components 
may be removed. Typical ion source components include a cathode, a vaporizer, a sputter 
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.arge,, an electrostatic electron reflector, an anode, and a plasnra chamber. These 



need not all be present in a given implementation of an ion : 



source. 

components : 



A cathode is a source of electrons and is commonly formed from a ho. filament 
composed of tungsten or ramalunr me*., ahhough a soiled hollow cathode may also be 
employed. A vaporizer is a heated oven in which One radioactive feedstock may be placed. 
There is typically a connection between the vaporizer and the plasma chamber of the ion 
source to permit passage of gas create, by hearing the feedstock. The vaporizer may also be 
seated within the plasma chamber and use a variety of hearing methods to beat the 
feedstock. Electncal resisrance heating is typically employed when the vaporizer is external 
,„ the pUsmachamber of me ion source while waste heat from operation of the source or 
h ea, from ion bombardment may be employed when the source of feedstock vapor is within 
the plasma chamber. 

A spurter targe, is an alternate source of feedstock vapor. Excess tons fill .he plasma 
chamber and am made to bombard the sputter ,arge, because of an applied or induced 
voltage. Spurring liberates surface aroms from .he sputter target, effectively crearing a 
vapor of the feedstock. Au electrostatic dectron reflector is a surface ma. is isolated by 

dectrica, insulation so i. is no. directly connected electrically » .he anode or cathode. 

However, plasma bombardment may indirectly induce a voltage relative ,0 the anode or 

cathode. 
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5 The anode may be the plasma chamber itself or an independent electrode in the 

plasma chamber or ion source structure. The plasma chamber is a container in which the 
plasma created by the ion source is maintained prior to extraction and acceleration. 

FIG. 4 illustrates an embodiment of a customized ion implanter ion source 1 0. The 
source 10 includes a vacuum chamber 30, a hot tungsten filament cathode 1000 that may 
become eroded with use, an electrostatic electron reflector 3000 having insulators 51 lc, 
512c, 513c, 514c that may also become coated with conducting material, a vaporizer 2000 
for a radioactive elemental solid phosphorus 70b, and a plasma chamber 4000. The cathode 
1000 is on an extensible probe 24c. The vaporizer 2000 is on an extensible probe 24b. The 
electron reflector 3000 is on an extensible probe 24c. Three sealable transfer containers 
22a-c, each having sealable openings 28a-c, provide the capacity for containing radiation 
and radioactive particulates in addition to maintaining an inert gas atmosphere during 
transfer to a service area. Other radiation shielding 41a, 42a, 41b, 42b, 43b, 41c, 42c may 
be used to protect individuals while transferring the transfer containers 22a-c. Three valved 
openings 38a-c on the vacuum chamber 30 seal the vacuum chamber 30 from air after the 
20 extensible probes 24a-c are retracted. All of the extensible probes 24a-c in FIG. 4 are 
shown in the retracted position. Preferably, the valved openings 38a-c on the vacuum 
chamber 30 can be sealed adequately to maintain the vacuum in the system. The ion source 
10 also contains three bellows 27a-c surrounding the extensible probes 24a-c. Joints 60a-c 
may be used to fasten the sealable openings 28a-c to the valved openings 38a-c. A magnetic 
field may be superimposed on the plasma chamber 4000, emanating from ferrous material 
poles 51, 52. Hand-operated valves 61a-c may be connected to vacuum and inert gas 
venting connections 63a-c, which could connect to a combined external pumping/venting 
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assembly (no, shown). Profe^, the — eoCosu.es 20a-c wi« have a — of 
extra hardware attached so they will be easier ro lift. 

The customized ion source 10 may be used in the following manner. First, the 
component 1000 may be mounted on the end of the extensible probe 24a. Then, the 
extensible probe 24a may be re.mc.ed into me vacuum compatible radiation shie.ded 
„a„sfer comainer 22a and .he transfer container sea, in the scalable opening 2Sa may be 
dosed. The transfer container 22a may be tta^ferred to the ion source vacuum chamber 30 

container 22a to a pressure similar to that of the ion source vacuum chamber 30. The 

The exrensibie probe 24a is extended until U is in me correct Position in the ion source >0. 
Other services ma, may be reauired by ,he componen,, such as cooling fluid or electtica. 

Hue, are then connected in a conventional manner, .f appropriate, o,her components of the 

ion source may be conneered and the ion source may be operated. 

Maintenance of the componen, 1000 may be provided by firs, retracting the 
exrensibie probe 24a into the transfer container 22a and Cosing me vaived opening 3Sa. 
Services may men be disconnected and the transfer contamer 22a may be vented with iner, 
gas The seaiable opening 28a on the ttansfer comainer 22a may then be closed. The 
vacuum and iner, gas fine 63a may be disconnected from the valve 61a. The ttansfer 
container 22a may be disengaged from me valved opening 3Sa and me ttansfer container 
22a may be transferred to a service area where an iner. attnosphere is provided and/or where 
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suitable radiation shielding and remote manipulation hardware is available. Also, the 
transfer container 22a may be opened to either air or to dry nitrogen, depending on whether- 
the component 1 000 is moisture sensitive. 



The other extensible probes 24b-c, transfer containers 22b-c, and components 2000, 
3000 may be operated in a manner similar to that described above for the extensible probe 
1 0 24a, transfer container 22a, and component 1 000. The ion source vacuum chamber 30 may 
be connected to a vacuum chamber assembly for a mass filter (not shown). 



FIG. 5 shows the ion source 10 of FIG. 4 in an operational position with the 
extensible probes 24a-c extended to connect with the plasma chamber 4000. In addition, the 
sealable openings 28a-c and the valved openings 38a-c are shown in an open position to 
facilitate extending the extensible probes 24a-c. The bellows 27a-c have been compressed 
and three connections 25a, 26a, 25b for services are shown. A baffle 34 also is shown in the 
ion source vacuum chamber 30. The shape of the baffle 34 and its location and placement 
within the ion source vacuum chamber 30 downstream of an orifice on the plasma chamber 
4000 may help minimize leakage of radioactive phosphorus gas into areas of the ion source 
vacuum chamber 30 other than the zones where the ion beam must be transported. The 
source 1 0 may be operated in a conventional manner with a vacuum varying from 
approximately 10 5 torr where the ion beam hits the work piece (not shown) to 
approximately 10" 2 torr in the plasma chamber 4000. 
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FIG. 6 shows an interior portion of an ion source 10' that uses a hot filament 
cathode 1000' with a plasma chamber 4000' acting as an anode. A vaporizer oven 2000' 
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m ay conrain a soiid pbospbon*— * compound 70b' wbicb may be Oemenla, 
pbospborus. A bealer 90b may be used ,0 raise One W — of to P-pborus 
mat er,a, 70b' u„ t U a sufficient vapor pressure and gas flow o, pbospborus is oburined .0 
opera, .be ion source piasma cbamber 4000- . Pbospborus vapor may be passed inro rbe 
plas ma cbamber 40C*V ibrougb a rube 1Mb. Tbe vaporize, 2000' may be anacbed » a„ 
e—probe^andexreuded.owardsrbep.asmacban.ber^V AUgnmenrma, 

unioued. or iemporarily Joined, ,o rbe pl asma cbamber 4000' using rapered join, 102b, 
„b,cb may make a subsranriaby gas-ligb. seal and may be seif-aligning. 

A eadrode ,000- may be placed on rbe exlensible probe 24a' and an Cectrosratic 

be elecuicaUy insured wirb ceramic insularors 511a, 512, 513a, 514a, 51.C, 512c', 

r -a mi, 901 c also may be included to assist in the 
513c' 514c'. A pair of guides 201a, 201c aiso may 

posing ol rbe exrensible probes 24,, 24. . Tbe guides 201a, 201c preferably may 
tav£ beveled edges wbere needed » avoid accident enlrapping me exrensible probes. 



„ „ oesirabie ro avoid leaking radioacrive pbospborus gas inro areas of me ion 
soome vacuum cbamber 30 omer man rbe .ones wbere an ion beam 900 is rransporred in 
order 10 minimi possible con— ro workers during mainlenance of me exlensibie 
componen.. Tberefore, me vacuum cbamber 30 may preferably be separared inro ,wo 
25 la r 6 e>y iso,a,ed vo,umes, one vo,nme being me » wbere rbe ion beam 900 is iocared 
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and the second volume being the zone where the extensible probes 24a'-C enter the 
vacuum chamber 30. FIG. 6 shows an example in which an extraction electrode 301 and 
a ground electrode 302 are connected to the plasma chamber 4000' downstream of the 
plasma chamber 4000'. 



The detailed method of preparing the preferred embodiment of the radiopaque, 
radioactive stent of this invention would be as follows. First, an ordinary non-radioactive, 
non-radiopaque coronary stent made of stainless steel with dimensions of approximately 2 
mm in diameter, 1.5 cm in length may be placed in a vacuum chamber of an unbalanced 
magnetron sputter coating apparatus. The apparatus may have two sputter sources, one for 
chromium and one for gold. The chamber may also contain a low energy "Kaufman" type 
ion source for sputter cleaning parts using an argon ion beam. While the stent rotates about 
its long axis, an ion source with an argon ion beam current density of approximately ten 
microamps per cm* at two keV may be directed at the rotating stent for approximately eight 
to ten minutes to remove the native oxide and to remove approximately 1 00 to 500 - 
angstroms of stainless steel from the stent's surface for the purpose of making Surface " 
atomically clean. The stent may then be coated with 3000 angstroms of chromium using the 
first sputter gun for approximately 1 0 minutes. The stent may then be coated with 
approximately 12 microns of pure gold using the second sputter gun in a one hour 
deposition period. During these coating runs, the stent may be biased with 100 volts of 
D.C., which generally produces better adhesion of each coating. 

After these coatings, the stent may be removed from the coating apparatus and 
Placed in the end station vacuum chamber of a special-purpose radioactive ion implanter 
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5 similar .0 the imp.an.er described above. While rotating, rbe s«»« may be exposed to a 

fluence of 6 * 10' P'W rimes pi (3.14.59) (,o account for rhe circumference of .he s,en<) 
a, a ktnetic energy of 1 80 keV. The implanrarion process, done a, an ion beam curren, 
density o, approximately one picoampere per enr, may rake approximately 50 minutes to 
complete. At the conclusion of rhe implantation process, the sren. may have an activny of 
10 approximarely two tnicrocunes. The stent may rhen be shipped to a hospital and, after 
approximately two weeks (one half-.ife) on the shelf, it may have an acriviry of one 
microcurie and be ready for an angioplasty procedure. 

While the invention has beet, disclosed in connection with the preferred 
embodiments shown and described in detail, various modifications and movements 
15 hereon wU, become readily apparent to those skilled in the an. Accordingly, the spin, 
ana scope of the present invention is to be limited only by rhe Mowing claims. 
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1 • A stent, comprising: 

a body formed from a non-radioactive structural material; 
a radiopaque material coating said body; and 

a beta-emitting radioisotope ion implanted into said radiopaque material. 



10 2. 



15 4. 



A stent, according to claim 1, further comprising an adhesion layer coupled to said 
body and coupled to said radiopaque material. 

A stent, according to claim 2, wherein said adhesion layer includes at least one 
material selected from the group consisting of titanium, vanadium, chromium, iron, 
cobalt and nickel. 

A stent, according to claim 2, wherein said body includes a longitudinal portion and 
a circumferential portion, and wherein said radiopaque material coats both of said 
portions with substantially even thickness. 

A stent, according to claim 2, wherein said beta-emitting radioisotope emits 
substantially no alpha or gamma radiation for use as part of an intra-arterial coronary 
stent. 

A stent, according to claim 2, wherein said radiopaque material includes at least one 
material selected from the group consisting of platinum, iridium, and rhenium. 
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j 7. A stent, according to claim 2, wherein said radiopaque materia, includes ar least one 
material selected from the group consisting of gold and tantalum. 



g. A stent, according to 
sulfur-35. 



claim 2, wherein said beta-emitting radioisotope includes 



9 . A stent, according to claim 2, wherein said beta-emitting radioisotope includes 
jO phosphorous-32. 



,0. A stent, according to claim 2, wherein said radiopaque material is between 
approximately 1 micron and approximately 5 microns thick. 

H. A stent, according to c.aim 2, wherein said radiopaque material is between 
approximately 1 micron and approximately 15 microns thick. 

15 l2 A stent, according to claim 2, wherein said beta-emitting radioisotope is ion 

imp ,an,ed to a depth of less than approximate., 3000 angstroms into said rad.opaque 
material. 

U A stent, according to claim 2, wherein said be.a-enut.ing radioisotope is ion 

inrp.an.ed with a source strength of between approximately 0.1 microcuries and 10 
20 microcuries. 
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5 14. A stent, according to claim 2, wherein said beta-emitting radioisotope has a half life 
of less than approximately 100 days. 

15. A stent, according to claim 2, wherein said body has a tubular mesh shape. 

1 6. A stent, according to claim 2, wherein said body includes a helical coil. 

17. A stent, according to claim 2, wherein said adhesion layer includes a transition 

10 metal. " -- 

18. A stent, according to claim 2, wherein said adhesion layer is between approximately 
100 angstroms and approximately 3000 angstroms thick. 



19. A stent, comprising: 

means for forming a non-radioactive body; 

means for coupling a radiopaque material to the body; and 

means for ion implanting a beta-emitting radioisotope into the radiopaque 



15 



20 



material. 

20. A method of fabricating a stent, comprising: 

forming the stent from a non-radioactive structural materials 
coupling a radiopaque material to the structural material; and 
ion implanting a beta emitting radioisotope into the radiopaque material. 
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coating the structural material 



21. 



A method according to claim 20, further comprising ■ 
wUh an adhesion layer and then coating the adhesion layer with the radiopa q ue 

material. 



22. A method according «o Cain, 20, wherein coupling .he radiopaque materia, includes 
sputtering the radiopaque material. 



0 23. 



A m ethod according to claim 20, herein coupling .he radiopaque mareria, includes 
electroplating the radiopaque material. 



24 a memod according to Calm 20, wherein coupling .he radiopaque mareria. inCudes 
applying me radropaque materia, as a coating with a thickness of less than 
approximately 15 microns. 

15 25 A memod according ,o claim 20, mrther comprising ton implanting .he hera emirring 
isotope to a depth in me coattng of less than approximate 1, 3000 angsrrom, 

26. A method according to claim 20, further comprising selecting the beta emitting 
radioisotope to include phosphorous-32. 



27 A method according ,o claim 20, further comprising selecting the radiopaque 

materia, to inCude a, least one materia, se.ected from me group consisting of gold, 
platinum, iridium, tantalum and rhenium. 
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28. 



29. 



A method according to claim 2 1 , further comprising selecting the adhesion layer to 
include at least one transition metal. 



A method according to claim 21, further comprising selecting the adhesion layer 
include at least one material selected from the group consisting of titanium, 
vanadium, chromium, iron, cobalt and nickel. 



to 
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